The light-induced increases of the effective fluorescence yield in Chlorella are too slow to be primary processes in photosynthesis. The fast transient state (risetime 25 nsec, limited to the first flash) is attributed to a priming reaction for the photosystem that makes oxygen. The slower cyclical process (risetime 3 ,usec, decay time 200 psec and 2 msec) is attributed to the dark reactions that make oxygen after photoexcitation of this system. The slower cyclical process is also distinguished by a narrower emission spectrum that peaks at a shorter wavelength than the dark adapted or fast transient state. A minimum of six different fluorescent states are required to explain the data. In addition to the usual assumption about changing quantum yield of fluorescence in these processes, the data suggest that changes in cross section of optical absorption must also be considered. The slowest relaxation times observed (0.2-2 msec) are well correlated with the slow steps detected in evolution of oxygen.
The increase of the quantum yield of fluorescence in green plants and algae with increasing illumination has long been used as an indicator of the state of the photoreactive centers in photosynthesis. There appear to be different parts of this nonlinear fluorescence. Some parts are fairly slow (occur in seconds to minutes) and seem to represent changes in pools of intermediates in the electron-transport chains (1) or variations in distribution of energy to the photosystems (2) . The fast changes (occur in milliseconds) have been interpreted as the reduction of an acceptor or quencher, which in its oxidized state inhibits the fluorescence of that photosystem that makes oxygen (1, 3, 4) . Although much evidence has been obtained indicating that the fast increase in fluorescence is the result of a photochemical reaction, the common assumption that it is a primary photochemical event is only a tempting hypothesis. The "primacy" of a photoevent is most simply established by measurements at short times after excitation. A primary photochemical process will occur in subnanosecond times if it is coupled to the singlet state of the pigments. Until now, the minimum risetimes of fluorescence changes have been 50 and 10 jssec, as measured by means of a bullet driven shutter (5) and a flash lamp (6) , respectively, and both were limited by photon flux. I will now show that the risetimes of the fluorescence changes are rapid, 25 nsec and 3 usec, but far slower than expected for primary processes. The fluorescence changes in Chlorella are shown to be marvelously dynamic.
MATERIALS AND METHODS
Chiorella vulgaris obtained from Dr. S. Granick was grown for 3-7 days in flasks containing media with or without glucose.
The flasks were shaken alongside fluorescent lamps. Measurements were made on suspensions of about 5 X 106 cells per ml in 10-50 mM NaHCO8.
The equipment that measures the fluorescence transients consists of a nitrogen laser (Avco Everett model C102) as the main exciting source and a gated photomultiplier and amplifiers for detection of fluorescence. The system has been briefly described (7) and a more complete description is in preparation. The 10-nsec pulse of light at a wavelength of 337.1 nm from the nitrogen laser is divided into two beams. One is directly incident on the capillary containing the algae. The other is routed to a bank of mirrors that form an optical delay line. Thus, a rigidly time-locked pulse of variable intensity that is delayed 0-100 nsec is available. For delays longer than this, a weak blue flash of about 700 nsec in width at half intensity is used, together with suitable electronic delays. The filtered light emitted by the algae is detected by a gated sidewindow photomultiplier. The tube is gated on for a time (12 nsec) that matches the laser-pulse duration when a portion of it is used as a delayed or test flash. It is gated on for times varying from 12-300 nsec to maximize the signal for a given time resolution in the case of the short delayed electronic flash. The design* of this simple gating system was contributed by Mr. Michael Rosetto. Keeping the photomultiplier inactive, except during the delayed pulse, so reduces artifacts after the strong main pulse that an intensity 10-4 of the main pulse can be detected. If we reconsider the effect of the first conditioning flash, the kinetic difference between the nanosecond and the microsecond transients is reinforced by their different spectral characteristics. It is convenient to define a measure for the nonlinear fluorescence, A. The A is equal to the relative quantum yield of fluorescence minus one. Operationally, it is the ratio of the fluorescence intensity of the delayed pulse when following the main or conditioning pulse to that of delayed or test pulse alone, minus one. It is found that A is independent of emission wavelength at a delay of 58 nsec (Fig. 2, top) . We note that, since A itself is a ratio of fluorescence intensities, it is independent of the spectral characteristics of our photomultiplier and detection system. Its accuracy is determined solely by the signal-to-noise ratio under a particular experimental condition. The independence of A with wavelength means that the emission spectrum of this "fast" A is identical to that of dark-adapted Chlorella. In contrast, A at a delay of 10 ,sec is a strong function of wavelength (Fig. 2, top) . This means that the emission spectrum of the large "slow" A is sharper and stronger in the shorter wavelength region (peak 685 nm) than that of the dark adapted algae. Approximate emission spectra for these two cases are shown in Fig. 2 , bottom.
DISCUSSION
It is clear from Fig. 1 (12) have used this hypothesis to explain their data on a photosynthetic bacterium. It is most likely that F1 is closely related to the primary photoreaction. It is useful to refer to the site or reaction center that converts the excitation energy to chemical energy as a trap. The trap may be in such a state (charge transfer?) after reaction or "closed" that it accepts energy from the antenna at a slower rate, but irreversibly, as compared to the faster but reversible energy exchange when the trap is open. A more complete discussion will be presented elsewhere.
The state F2 is seen on the first flash, and may be a priming reaction for the oxygen-generating system. Strict dark adaptation is required to observe this state. This is reminiscent of Jones' conditions (13) for observing a delayed light intensity proportional to the square of the exciting light intensity. This may also be related to the observation that no oxygen is formed on the first flash to dark adapted algae (14) . The 20-nsec lifetime and temperature insensitivity of the process F1 --F2 suggest that a macromolecular rotation may be involved. Since energy transfer between the pigment molecules seems to be largely through the transition dipoles, it is strongly orientation dependent. Thus, rotation of a pigment complex could decrease the coupling between antenna and pigment (F1 --F2), and so decrease the loss of singlet excitations. This process would be driven by the photoreaction, and process F2 --F3 would be the relaxation of the reaction. The fact that formation of state F2 is largely confined to the first flash suggests that it is a priming reaction that activates oxygen production. A possible candidate for this priming step is the reaction at the manganese sites investigated by Cheniae and Martin (15) .
State F4 has a high effective fluorescence yield and a much narrower and shorter wavelength emission spectrum than the previous states. This immediately shows that it is not simply a further reaction of F2 but is an independent state. The change in emission spectrum is not caused by the use of a blue flash instead of the laser flash pulse as a delayed or test flash, because the emission spectrum excited by it at low intensity is the same as that excited by the laser (Fig. 2) . We have not yet measured the lifetime of this state, but if it corresponds to the continuous light saturated state, its lifetime is about 2 nsec (8, 10, 11) .
The term effective fluorescence yield has been used because one inevitably measures the yield of fluorescence and the optical cross section of absorption together. Thus, the fluorescence intensity from state F& at intensity I of wavelength 1, with optical cross section a at wavelength 1 and quantum yield 4 over a unit interval of emission wavelengths centered on wavelength 2, is Fn = I
The intensity, I, is experimentally set sufficiently low that it does not disturb a+. The measure of nonlinear fluorescence, A, can now be written
Since n is a function of time, one will only obtain a simple picture of the nonlinear fluorescence if it is measured with light flashes that are short compared to the relevant relaxation times. The usual technique of determining the fluorescence yield by sudden addition of a "saturating" continuous light and measuring the fluorescence directly or by means of a modulated detecting beam, actually measures the convolution of the random photon hits ("continuous light") with the complicated time function of Fig. 1 . The results are rather complex. In any case, the fast variations of the fluorescence yield have always been interpreted in terms of 0 n being affected by a Proc. Nat. Acad. Sci. USA 69 (1972) Q" (1, 3, 4) . The process F4 --F5 is clearly complex, and is well fit by assuming that '/4 of A has a half-falltime of 0.17 msec and that '/4 of it has a half-falltime of 1.7 msec (Fig. 1, solid line) . On cooling to 50, the data can be fit to a single exponential decay of 1 msec (Fig. 1, dashed Mauzerall, unpublished observation. We are also able to account for the change from 0.6 to 4 msec in the two kinds of experiments). This temperature factor is the same as that observed in the process F4 -* F5. These fluorescence yield changes are also lost at the same temperature (550) as is oxygen production. Thus, there is a strong correlation between the decay time of the fluorescence transient and the slow steps in oxygen evolution. It is unlikely that the fluorescence changes "are" the electron-transfer reactions, but rather that they reflect changes accompanying such reactions. The great sensitivity to temperature of the change F4 --F5 strongly suggests a complex process. A reasonable model (20) is that most of the antennae (most of the chlorophyll a, chlorophyll b, and the carotenoids) are in the form of a two-dimensional mat in the thylakoid membranes. couples these antennae to the traps by funnels of chlorophyllprotein complex. The "connectivity" of these antennae and traps is postulated to depend on the redox state of the traps and of the intermediates in the electron transfer chain. Those carriers in the membrane, e.g., plastoquinones, might be expected to have the largest effect on the energy-transfer process. Thus, the process F3 -o F4 could be assigned to the disconnection of the antennae and traps, allowing the excitation to live long and have a high fluorescence yield with an emission spectrum characteristic of the shorter wavelength chlorophyll-a. This change could be brought about by an electron-transfer reaction in the microsecond time range (reduction of Q or X-325, ref. 1). The reoxidation of these species in the millisecond time range would recouple antennae and traps.
The process F5 --Fo is so slow (about 10 min to completion) that excitation F5 -o F3 in a cyclic process is the predominant photochemical act at ordinary light intensities or flash rates. Even a weak beam of 10 ergs cm-2sec'-would partially saturate the Fo F5 transition; effects of such low light intensities have been noted (9, 21) .
Joliot et al. (22) and Forbush et al. (23) have observed damped oscillations with a period of four in the yield of oxygen produced by flashes of a few microsecond duration. They have explained their data by a four-step cycle on the water or oxidizing side of the photo system producing oxygen. Delosme (24) has in fact claimed to see small ( 4 10%) oscillations in the fluorescence yield at about 1 sec after flash (2 Asec) irradiation of Chlorellk. The recovery (or activation) time for the step between the first and the second flash has been shown (25) to have a half-life of 0.2 msec, and not to be a singlet first-order process. Thus, it greatly resembles our F3 --F4 process. Whether the oscillating reactions are best described by multistepped cycles or by nonlinear effects in a series of photoreactions with a loss (26, 27) remains to be determined.
In conclusion, while the identifications of the early photoreactions producing oxygen remain unknown, effective fluorescence yield changes in Chlorella that are induced by light have been removed from their static description and given a dynamic picture more suited to the rapid changes that characterize photosynthesis.
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